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Abstract The Baerzhe alkaline granite pluton hosts one of
the largest raremetal (Zr, rare earth elements, and Nb) deposits
in Asia. It contains a geological resource of about 100 Mt at
1.84 % ZrO2, 0.30 % Ce2O3, and 0.26 % Nb2O5. Zirconium,
rare earth elements (REE), and Nb are primarily hosted by
zircon, yttroceberysite, fergusonite, ferrocolumbite, and
pyrochlore. Three types of zircon can be identified in the
deposit: magmatic, metamict, and hydrothermal. Primary
magmatic zircon grains occur in the barren hypersolvus gran-
ite and are commonly prismatic, with oscillatory zones and
abundant melt and mineral inclusions. The occurrence of
aegirine and fluorite in the recrystallized melt inclusions
hosted in the magmatic zircon indicates that the parental
magma of the Baerzhe pluton is alkali- and F-rich. Metamict
zircon grains occur in the mineralized subsolvus granite and
are commonly prismatic and murky with cracks, pores, and
mineral inclusions. They commonly show dissolution tex-
tures, indicating a magmatic origin with later metamictization
due to deuteric hydrothermal alteration. Hydrothermal zircon
grains occur in mineralized subsolvus granite and are
dipyramidal with quartz inclusions, with murky CL images.
They have 608 to 2,502 ppm light REE and 787 to 2,521 ppm
Nb, much higher than magmatic zircon. The texture and
composition of the three types of zircon indicate that they
experienced remobilization and recrystallization during the
transition from a magmatic to a hydrothermal system. Large
amounts of Zr, REE, and Nb were enriched and precipitated
during the transitional period to form the giant low-grade
Baerzhe Zr–REE–Nb deposit.
Keywords Hydrothermal zircon . Highly evolved alkaline
granite .Magmatic–hydrothermal transition .
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Introduction
Zirconium is supposed to be refractory and insoluble in aque-
ous media and thus a reliable indicator of the evolution of
geological systems (Pearce and Cann 1973). However, more
and more observations in both experimental work and natural
systems indicate that Zr and other incompatible elements such
as rare earth elements (REE), Nb, Y, Be, Th, and U can be
highly mobile in alkali- and F-rich granitic systems (e.g.,
Rubin et al. 1993; Aja et al. 1995, 1997; Bau and Dulski
1995; Veksler et al. 2005; Ayers et al. 2012). Experimental
results show that REE and Yare strongly partitioned to F-rich
liquids in hydrous magmas, with the partition coefficients of
REE and Y between F-rich aqueous fluid and silicate melt
ranging from 100 to 220 (Veksler et al. 2005). As a natural
example, high-field-strength elements (HFSE) Zr, Y, REE,
and Nb are enriched by F-rich, Ca-free hydrothermal fluids
in the Strange Lake pluton in Canada (Salvi and Williams-
Jones 1996, 2006). Because HFSE have high charge-to-ionic-
radius ratios, they are generally incompatible during magmat-
ic fractionation (Finlowbates and Stumpfl 1981). However,
both field and experimental evidence indicate that these ele-
ments are mobile in some cases and can be concentrated at
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high degrees of fractional crystallization from evolved granitic
and pegmatitic melts, where their concentrations commonly
increase with the saturation of zircon and Nb–Ta-bearing
oxides (e.g., Jiang et al. 2005; Salvi and Williams-Jones
2006; Van Lichtervelde et al. 2010).
Zircon can be of magmatic or hydrothermal origin (e.g.,
Belousova et al. 2002, 2006; Hoskin and Schaltegger 2003;
Pettke et al. 2005), which can be distinguished by their inter-
nal structure and zoning, morphology, and trace element geo-
chemistry (e.g., Rubin et al. 1989; Sinha et al. 1992; Hoskin
2005; Pettke et al. 2005; Schaltegger et al. 2005; Schaltegger
2007; Gasquet et al. 2007; Lawrie et al. 2007; Fu et al. 2009).
Hydrothermal zircon may precipitate from fluid-saturated
magmas, or fluids exsolved from highly evolved granite and
pegmatite (Schaltegger 2007) and record a hydrothermal
event (e.g., McNaughton et al. 2005; Gasquet et al. 2007;
Valley et al. 2009, Valley et al. 2010; Van Lichtervelde et al.
2009). A genetic link between magmatic and hydrothermal
zircon from a granitic pluton can thus reveal the evolution
from magmatic to hydrothermal processes in the formation of
rare metal deposits (Pettke et al. 2005; Schaltegger et al.
2005).
The Baerzhe rare metal (Zr, REE, and Nb) deposit in Inner
Mongolia, NE China, is one of the largest rare metal deposits
in Asia (Feng 2000), containing about 2 Mt ZrO2 and about
1 Mt REE2O3 (Wang and Zhao 1997), with an average grade
of 1.84 wt% ZrO2, 0.30 wt% Ce2O3, 0.26 wt% Nb2O5,
0.30 wt% Y2O3, and 0.03 wt% BeO. Zr–REE–Nb minerali-
zation occurs in the albite-rich granite in the upper part of the
Baerzhe pluton, whereas barren and weakly mineralized
arfvedsonite-rich granite occurs in the lower part of the pluton
(Wang and Zhao 1997; Jahn et al. 2001; Yuan et al. 2007). The
vertical zonation of the mineralization of the Baerzhe pluton
has been considered to be the result of different degrees of
sodium metasomatism (Wang and Zhao 1997) or fluid–rock
interaction (Jahn et al. 2001; Zhao et al. 2002). However, the
nature and origin of the metasomatized fluids is not well
constrained. It is has been debated how Zr, REE, and Nb are
enriched during fluid–rock interaction.
In this paper, we document the mineralogical and geo-
chemical composition of magmatic, metamict, and hydrother-
mal zircon from both barren and mineralized alkaline granite
in the Baerzhe pluton. The data are used to illustrate the
evolution from a magmatic to hydrothermal system in the
formation of the Baerzhe pluton and to decipher the intimate
link between the origin of hydrothermal zircon and Zr–REE–Nb
mineralization.
Geological background
The Central Asian Orogenic Belt (CAOB) is an accretionary
orogen that stretches from the Ural Mountains to the Pacific
Ocean (Fig. 1a) (Jahn 2004). The eastern part of the CAOB is
termed as the Xingmeng (Xing'an–Mongolian) orogenic belt
in the Chinese literature. The Xingmeng orogenic belt repre-
sents a collage of three microcontinental blocks that were
amalgamated in Paleozoic, i.e., the Jiamusi block in the south-
east, the Songliao block in the center, and the Xing'an block in
the northwest (Wu et al. 2002). The Xing'an block comprises
the Great Xing'an Range and Halar Basin. The Great Xing'an
Range is composed of the late Jurassic to early Cretaceous
volcanic rocks and granitic plutons, including the early
Cretaceous Baerzhe alkaline granite pluton (Fig. 1b). The late
Jurassic volcanic rocks in this region consist of andesite,
andesitic tuff, and intermediate–felsic volcaniclastic rocks.
The early Cretaceous volcanic rocks are composed of rhyolite
and andesitic tuff, and are unconformably underlain by the late
Jurassic volcanic rocks (Yuan et al. 2003; Yang et al. 2009).
The Baerzhe pluton has an outcrop area of about 0.4 km2 and
intruded the late Jurassic volcanic rocks (Figs. 1c and 2a). The
Baerzhe pluton is mainly composed of mineralized subsolvus
granite unit in the upper part and barren hypersolvus granite
unit in the lower part of the pluton, in which the former is Na-
metasomatized and the latter is arfvedsonite-rich (Fig. 2b).
Economic minerals are mainly hosted in the mineralized unit.
Small amount of pegmatitic segregations at the top of the
pluton are composed of coarse-grained quartz and microcline
(Niu et al. 2008; Yang et al. 2011).
Rocks from both mineralized and barren units are com-
posed of microcline, quartz, arfvedsonite, and albite with dif-
ferent mineral modes, grain size, and crystal morphologies.
Subsolvus granite from the mineralized unit is commonly
coarse-grained with abundant miarolitic cavities. The primary
mineral assemblage is composed of 45–50 vol% microcline,
20–30 vol% quartz, 20–25 vol% albite, 1–5 vol% aegirine, and
minor arfvedsonite and zircon. Subhedral to euhedral micro-
cline crystals are 0.4 to 1 mm in size, and subhedral–euhedral
quartz grains are 0.5 to 1 mm in size. Hypersolvus granite from
the barren unit is usually fine-grained and contains 50–
55 vol% of microcline, 15–20 vol% quartz, 10–15 vol%
arfvedsonite, 8–12 vol% albite with minor aegirine and zircon.
Major economic minerals of the Baerzhe Zr–REE–Nb
deposit are zircon [ZrSiO4], yttroceberysite (hingganite)
[(Y,Ce)BeSiO4(OH)], synchysite [Ce2Ca(CO3)3F2],
pyrochlore [CaNb2O6F], ferrocolumbite [(Fe,Mn)Nb2O6],
monazi te [(Ce,La,Nd, Th)PO4], and fergusoni te
[(Ce,La,Y)NbO4].
Analytical methods
Two bulk-rock samples of about 3 kg were collected from
the Baerzhe pluton for zircon separation, i.e., B1-10 from
the mineralized subsolvus granite and B2-8 from the barren
hypersolvus granite. Zircon grains were separated using
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standard density and magnetic separation techniques.
Representative zircon grains were handpicked under a bin-
ocular microscope and mounted in an epoxy resin disc,
then polished to near half section to expose the internal
structures. Transmitted and reflected-light microscopy,
cathodoluminescence (CL), backscattered electron (BSE),
and scanning electronic microscope investigations were
carried out prior to the in situ trace element analyses.
CL images and major element compositions of zircons and
inclusions within zircons were analyzed using a JEOL JXA
8,100 M electron microprobe (EMPA) in the Department of
Earth Sciences, Nanjing University. The operating conditions
were as follows: accelerating voltage 15 kV, beam current
20 nA, beam diameter 1 μm, with 30 s count time on peak
and each background. All data were corrected with standard
ZAF correction procedures (Tables 1 and 2). Natural minerals
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Fig. 1 A simplified geological map showing the Baerzhe alkaline granite pluton in the eastern part of CAOB (after Jahn 2004; Niu et al. 2008)
Fig. 2 Simplified geological map with sample locations showing the plan view (a) and cross section (b) of the Baerzhe pluton (modified after
Yuan et al. 1980)
Table 1 Electron microprobe analyses (in weight percent) of magmatic, metamict, and hydrothermal zircon from the barren and mineralized unites of
Baerzhe pluton
spots SiO2 ZrO2 HfO2 TiO2 Al2O3 La2O3 Ce2O3 Y2O3 Yb2O3 UO2 ThO2 Nb2O5 Ta2O5 Total
Magmatic zircon
Average 31.9 65.2 1.55 0.06 0.03 0.05 0.08 0.36 0.08 0.15 0.07 bdl 0.09 99.4
1 33 65.3 1.18 bdl bdl bdl bdl 0.06 0.02 0.06 0.16 bdl 0.17 99.9
2 32 64.6 1.81 bdl bdl bdl 0.18 0.08 0.08 0.16 0.05 bdl 0.1 99
3 31.7 65.5 1.28 bdl 0.03 0.03 bdl 0.75 bdl 0.03 0.05 bdl bdl 99.3
4 32.1 64.9 1.42 bdl bdl bdl bdl 0.58 0.12 0.07 bdl bdl 0.09 99.3
5 32 65.7 1.3 0.06 bdl 0.08 bdl 0.45 0.1 0.05 0.03 bdl bdl 99.7
6 31.7 66.2 1.13 bdl bdl bdl 0.02 0.19 0.03 bdl bdl bdl bdl 99.3
7 31.3 65.2 1.73 bdl bdl bdl 0.13 0.4 0.12 0.23 bdl bdl 0.08 99.3
8 31.7 64 2.52 bdl bdl 0.03 0.06 bdl 0.1 0.46 0.11 bdl bdl 99
Metamict zircon
Average 31.8 63.4 2.38 0.02 bdl 0.05 0.06 0.15 0.5 0.34 0.15 0.03 0.03 98.8
1 32.5 64.1 2.87 bdl 0.01 0.06 0.05 bdl 0.04 0.02 bdl 0.01 0.11 99.8
2 31.9 63.9 2 bdl bdl bdl 0.12 0.06 0.23 0.49 0.03 0.02 bdl 98.8
3 31.4 62.6 2.5 0.01 bdl 0.13 0.06 0.54 0.94 0.51 0.16 0.07 bdl 98.8
4 31.9 64.6 2.1 0.03 0.03 0.11 bdl bdl 0.26 0.08 0.43 0.07 bdl 99.6
5 32.1 62.4 2.92 bdl bdl bdl bdl 0.18 0.61 0.31 0.17 0.03 bdl 98.7
6 32.1 63.4 2.55 0.04 bdl bdl 0.06 bdl 0.25 0.15 0.02 0.01 0.25 98.8
7 31.9 63.9 1.34 0.02 bdl bdl 0.12 0.15 0.79 0.31 0.07 0.05 bdl 98.6
8 32.4 64.1 2.75 bdl bdl bdl bdl bdl 0.43 0.38 0.13 bdl 0.06 100.2
9 31.1 62.4 3.24 0.03 bdl 0.13 bdl 0.18 0.65 0.44 0.09 bdl 0.23 98.5
10 32 64.6 2.05 0.06 0.01 0.12 0.04 bdl 0.21 0.09 bdl bdl bdl 99.2
11 31.4 64.2 1.96 bdl bdl 0.11 0.11 0.19 0.86 0.52 0.09 0.03 bdl 99.5
12 31.9 63.7 1.95 bdl bdl bdl bdl 0.13 0.36 0.38 0.14 0.02 0.05 98.6
13 31.5 64.2 3.1 0.03 bdl 0.04 0.12 bdl 0.37 0.1 0.08 0.02 bdl 99.5
14 32 64 2.81 bdl bdl 0.12 0.11 bdl 0.19 0.1 0.01 bdl bdl 99.4
15 31.9 62.8 1.86 0.06 bdl bdl 0.14 0.14 0.43 0.43 0.17 0.04 bdl 98
16 30.9 60.2 2.23 0.09 bdl bdl bdl 0.87 1.2 0.66 0.87 bdl bdl 97
17 31.5 62 1.76 bdl bdl bdl 0.04 0.57 1.1 0.83 0.32 0.03 bdl 98.1
18 32.2 65 2.73 bdl bdl bdl 0.05 bdl 0.17 0.13 0.03 0.02 bdl 100.3
19 32.1 62.6 2.87 bdl 0.04 bdl bdl bdl bdl 0.07 0.19 0.08 bdl 97.9
20 31.8 64.2 1.86 bdl bdl bdl bdl bdl 0.59 0.23 0.07 0.08 bdl 98.8
21 32 64.1 2.43 bdl bdl bdl bdl bdl 0.26 0.24 0.04 0.03 bdl 99.1
22 30.6 59.8 2.53 bdl bdl 0.14 0.06 0.6 1.38 1.11 0.17 0.06 bdl 96.5
23 31.8 63.1 2.44 bdl bdl 0 0.09 0.17 0.4 0.27 0.2 0.08 bdl 98.6
24 31.6 63.7 2.49 0.05 bdl 0.08 0.12 0.03 0.58 0.41 0.11 bdl bdl 99.1
25 31.9 64.6 2.12 bdl bdl 0.12 0.12 bdl 0.22 0.22 0.07 0.04 bdl 99.4
Hydrothermal zircon
Average 32.6 62.4 1.95 0.13 0.06 0.04 0.28 1.39 0.1 0.15 0.12 0.08 0.13 99.2
1 32.6 63.4 1.85 0.16 0.13 0.03 0.04 0.17 bdl 0.07 0.02 0.1 0.06 98.7
2 32.4 63.9 1.71 0.26 0.05 bdl bdl 0.12 0.09 0.22 0.06 0.2 bdl 99
3 33.5 62.6 2.09 0.16 0.19 bdl 0.04 0.21 bdl 0.06 0.04 bdl 0.01 98.9
4 33.4 63.4 1.3 0.04 0.13 0.07 0.06 0.46 0.13 0.26 bdl 0.11 0.2 99.5
5 32.3 63.1 1.68 0.15 0.03 bdl 0.88 0.26 bdl 0.33 0.03 0.08 bdl 98.8
6 32.1 63.2 1.51 0.1 0.04 0.04 0.98 0.35 bdl 0.13 0.04 0.06 0.11 98.7
7 32.7 63.2 2.5 0.29 0.1 bdl 0.14 0.19 bdl 0.16 0.03 0.04 0.17 99.6
8 32.1 60.5 2 0.04 bdl bdl bdl 4.06 0.09 0.1 0.42 bdl 0.17 99.5
9 32.1 60.2 2.23 0.04 0.03 0.04 0.26 4.21 bdl bdl 0.08 0.05 0.05 99.4
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and synthetic glasses were used as the standards. The detailed
procedure is described in Wang et al. (2009).
Trace elements of zircon grains were analyzed using an
Agilent 7500a ICP-MS coupled with a Resonetics
RESOlution M-50 193 nm laser-ablation system (LA-
ICPMS) at the State Key Laboratory of Isotope
Geochemistry in the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS). Detailed operating
conditions for the laser ablation system and the ICP-MS
instrument and data reduction are the same as described by
Liang et al. (2009) and Tu et al. (2011). All analyses were
carried out with a beam diameter of 31 μm and a repetition
rate of 10 Hz at energy of 80 mJ. Helium was used as the
carrier gas. NIST SRM610 and TEMORA 2 (TEM) were used
as external standards (see Electronic Supplementary Material
Table 1) (Pearce et al. 1997; Black et al. 2004), and 29Si as an
internal standard (Anczkiewicz et al. 2001). In addition, the
trace element composition of the hydrothermal zircon crystals
from B1-10 were analyzed for validation (Electronic
Supplementary Material Table 2) at the State Key
Laboratory of Continental Dynamics, Northwest University
(China), using an Agilent 7500a ICP-MS, with both NIST
SRM610 and SRM612 as external standards (Pearce et al.
1997). All laser ablation spots were carefully selected to avoid
mineral and melt inclusions and cracks in zircon grains. Only
smooth LA-ICPMS signals are chosen (see Electronic
Supplementary Material Fig. 1). After analysis, an integration
of background and analytical signals, as well as time-drift
correction and quantitative calibration for trace element analy-
ses were calculated using the GLITTER 4.0 algorithm
(Macquarie University). The Ti and REE concentrations of
analyzed samples were 3 orders of magnitudes higher than
the detection limit of the instrument, and the relative errors of
analysis were less than 5 % (Table 3, Electronic Supplementary
Material Fig. 3).
Laser Raman spectra of zircon crystals were collected
using a Renishaw RM2000 laser Raman microscope at Key
Laboratory of Mineralogy and Metallogeny, GIGCAS.
Excitation was achieved using an argon-ion laser tuned to
514.5 nm. The laser beam diameter was 2 μm, and the
instrumental resolution was better than 2 cm−1. The laser
intensity was 5 mW, the beam was coupled with a grating of
1,800 grooves per mm, and the collecting time was 20 s.
Zircon morphology and structure
Zircon crystals from the barren unit of the Baerzhe pluton are
usually interstitial to microcline, quartz, and arfvedsonite, or
enclosed in quartz. They are transparent and show multiple
oscillatory growth zones in CL images (Fig. 3a–c), consistent
with zircon of magmatic origin. They have well-developed
{101} pyramids and {100} prisms, similar to the morphology
of high temperature zircon in alkaline magma (Pupin 1980;
Corfu et al. 2003; Belousova et al. 2006). Melt inclusions in
the zircon grains from the barren unit (Fig. 3b) commonly
consist of melt and/or crystallized minerals such as apatite, K
feldspar, Fe oxide, columbite, aegirine, and fluorite (Fig. 4a).
As shown in the Raman spectra for the zircon grains (Fig. 5a),
the bands of the Si–O antisymmetric stretching vibration at
1,008 cm−1 are observed at 1,006.1–1,006.8 cm−1, and their
full-widths at half-maximum (FWHM) are at 6.8–8.2 cm−1.
The bands of the Si–O symmetric bending vibration and the
symmetric rotating vibration are at 438.2–438.6 and 355.1–
355.4 cm−1, and their FWHMs are at 9.2–9.6 and 8.5–
9.0 cm−1 (Table 4). The strong intensity, small wavenumber
shifts, and small FWHMs range in the Raman spectra of the
zircon grains indicate that they are well-crystallized and of
magmatic origin (Xu et al. 2012).
Zircon grains from the mineralized unit of the Baerzhe
pluton are usually intergrown with quartz and microcline or
occur along grain boundaries among microcline, albite,
quartz, and aegirine, or sometimes enclosed in quartz. They
can be classified into two types based on morphology, namely
prismatic and dipyramidal. Prismatic zircon grains from the
mineralized unit are euhedral, porous, and mostly murky;
sometimes they have slight oscillatory growth zones. The
prismatic zircon grains have well-developed {101} and
Table 1 (continued)
spots SiO2 ZrO2 HfO2 TiO2 Al2O3 La2O3 Ce2O3 Y2O3 Yb2O3 UO2 ThO2 Nb2O5 Ta2O5 Total
10 33.2 60.4 2.44 bdl bdl 0.06 0.52 1.65 bdl 0.11 0.68 bdl 0.21 99.3
11 32.2 60.9 1.98 0.08 0.09 bdl 0.13 3.46 bdl bdl 0.05 0.03 0.06 99
12 32.1 63.8 2.02 0.09 bdl bdl 0.68 0.55 bdl 0.04 bdl bdl bdl 99.4
13 32.8 63.4 1.8 bdl bdl bdl 0.09 1.49 bdl bdl bdl bdl bdl 99.6
14 32.3 61 2.03 0.03 0.02 bdl 0.32 3.35 0.09 bdl bdl 0.1 0.22 99.5
15 32.6 63.4 2.08 0.31 0.03 bdl 0.05 0.26 bdl 0.12 0.04 0.04 0.16 99.1
D.L. 0.1 0.1 0.07 0.02 0.02 0.02 0.02 0.07 0.07 0.02 0.02 0.02 0.02 –
D.L. average detection limit (in percent), bdl below detection limit
Miner Deposita (2014) 49:451–470 455
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{100} crystal faces, identical to the magmatic zircon from the
barren unit. However, the prismatic zircon grains show dis-
tinctive dissolution textures with pores and cracks due to
deuteric alteration (Fig. 4b), indicating that they are metamict
zircon which was evolved from dissolution and hydrothermal
alteration (Geisler et al. 2003, 2007; Xu et al. 2012). The
Raman spectra of the prismatic zircon grains show very low
Raman intensity and large wavenumber shifts (Fig. 5b). The
bands at 1,008 cm−1 are observed at 1,003.6–1,005.1 cm−1,
and their FWHMs are at 8.6–11.7 cm−1. The bands of the Si–
O symmetric bending vibration and the symmetric rotating
vibration are observed at 438.2–440.1 and at 353.1–
354.6 cm−1, respectively, and their FWHMs are at 11.9–15.4
and 10.8–14.1 cm−1, respectively.
Dipyramidal zircon grains are subhedral to euhedral,
transparent, and have well-developed {111} crystal faces,
with sporadically less-developed {110} faces (Fig. 3d),
identical to synthetic, flux-grown zircon crystals (Burakov
et al. 2002; McNaughton et al. 2005), which are thought
to be a good analogue for hydrothermal zircon
(Schaltegger 2007). In the Raman spectra, the dipyramidal
zircon grains were observed at 1,005.1–1,007.1 cm−1 for a
band at 1,008 cm−1, and their FWHMs are at 6.7–9.0 cm−1.
Likewise, the bands of the Si–O symmetric bending
vibration (439 cm−1) and the symmetric rotating vibration
(356 cm−1) for the hydrothermal zircon grains are
observed at 437.9–438.7 and at 354.5–355.5 cm−1, and their
FWHMs are at 11.6–12.7 and 8.1–10.9 cm−1 (Table 4). In
addition, the Si–O stretching at 975 cm−1 (υ1) is notable for
the dipyramidal zircon (Fig. 5c).
Zircon composition
Magmatic zircon grains from the barren unit have 31.7 to
33.0 wt% SiO2, 64.0 to 66.2 wt% ZrO2, and 1.13 to
2.52 wt% HfO2 (Table 1). They have similar chondrite-
normalized REE and trace elements patterns (Fig. 6). Light
REE vary from 17.8 to 151 ppm and total REE from 328 to
2,836 ppm with light REE (LREE)/heavy REE (HREE) ratios
of 0.03 to 0.07. They display large positive Ce anomalies and
negative Eu anomalies with Ce/Ce* ratios ranging from 3.82
to 92.0 and Eu/Eu* ratios from 0.01 to 0.03, respectively
(Fig. 6a). The magmatic zircon grains have La concentrations
ranging from 0.03 to 2.36 ppm, with (Sm/La)N ratios ranging
from 6.77 to 1,055. They have Nb/Ta ratios ranging from 3.71
Fig. 3 Morphology of magmatic and hydrothermal zircon grains from
the Baerzhe pluton. a–cMagmatic zircon. Magmatic zircon crystals are
prismatic, have well-developed {101} pyramids and {100} prisms, with
abundant inclusions and oscillatory zoning in CL images. d–f
Hydrothermal zircon. Hydrothermal zircon crystals are dipyramidal, have
well-developed {111} crystal faces and sporadically less-developed
{110} faces, with murky CL images. Circles show LA-ICP-MS spots,
31 μm in size
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to 28.2, Th/U ratio from 0.37 to 1.18, and Ti concentration
from 1.78 to 11.0 ppm.
Metamict zircons from the mineralized unit have 30.6 to
32.5 wt% SiO2, 59.8 to 65.0 wt% ZrO2, and 1.34 to 3.24 wt%
HfO2 (Table 1). Light REE range from 15.0 to 155.7 ppm and
total REE from 6,780 to 10,714 ppm. They show HREE-
enriched patterns with LREE/HREE ratios from 0.001 to
0.02, Ce/Ce* ratios ranging from 1.14 to 5.32, and Eu/Eu*
from 0.04 to 0.14 (Fig. 6b). Metamict zircon grains have La
concentrations ranging from 0.52 to 9.08 ppm, with (Sm/La)N
ratios ranging from 3.07 to 8.27. They have trace element
pattern similar to magmatic zircon but have much higher Th,
U, Hf, Nb, Ta, and Ti (Fig. 6d). They have Nb/Ta ratios
ranging from 2.53 to 9.97 and Th/U ratio from 0.33 to 3.60.
Hydrothermal zircons from the mineralized unit have 32.1
to 33.5 wt% SiO2, 60.2 to 63.9 wt% ZrO2, and 1.30 to
2.50 wt% HfO2. They have light REE varying from 608 to
2,502 ppm and total REE from 1,477 to 6,622 ppm. They
show slightly HREE-enriched patterns with LREE/HREE
ratios from 0.29 to 5.49 and have Ce/Ce* ratios ranging from
0.66 to 1.82 and Eu/Eu* from 0.02 to 0.05 (Fig. 6c).
Hydrothermal zircon grains have La concentrations ranging
from 144 to 631 ppm, with (Sm/La)N ratios ranging from 0.14
to 1.68. They have distinct trace element patterns from mag-
matic zircon, with much higher LREE, Nb, Ta, and Ti than
magmatic zircon (Fig. 6d). They have Nb/Ta ratios ranging
from 3.09 to 36.1 and Th/U ratios from 0.11 to 0.54.
Discussion
It is generally believed that late-stage hydrothermal zircon is
distinctive from high-temperature magmatic zircon in terms of
both morphology (Pupin 1980; McNaughton et al. 2005) and
chemical composition (Hoskin and Schaltegger 2003; Hoskin
2005). Hydrothermal zircon can be distinguished from mag-
matic zircon by its chondrite-normalized REE pattern, Th/U
ratio, and degree of radiogenic Pb loss (Hoskin and
Schaltegger 2003; Hoskin 2005; Pettke et al. 2005; Geisler
et al. 2007; Harley and Kelly 2007; Schaltegger 2007).
Fig. 4 Representative BSE images of the three types of zircon crystals
from the Baerzhe alkaline granite. aMagmatic zircon crystal with a big
recrystallizedmelt inclusion from the barren granite. Themelt inclusion is
composed of K feldspar, Fe oxide, aegirine, and glass (electron micro-
probe analysis). bMetamict zircon crystal from the mineralized granite.
The metamict zircon crystals from the mineralized granite are prisms,
have well-developed {101} and {100} crystal faces, mostly murky and
sometimes slightly zoned, with significant dissolution textures of pores,
cracks, and fragments. c, d Hydrothermal zircon with quartz inclusions
and pores
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However, it is unclear why zircon formed at different stages of
a magmatic–hydrothermal system has such different charac-
teristics as shown in Table 5. Magmatic, metamict, and hy-
drothermal zircon from the Baerzhe pluton may have impor-
tant bearings on the origins of different types of zircon in
highly evolved granitic plutons.
Textures of zircon from the magmatic and hydrothermal
system
Dipyramidal zircon grains from the mineralized unit of the
Baerzhe deposit have no {100} faces or {110} prisms, differ-
ent from the morphology of most igneous zircon (Wang and
Li 2002; McNaughton et al. 2005), but similar to synthetic,
flux-grown zircon of hydrothermal origin (Watson et al. 2006;
Schaltegger 2007 and the references within). Such morpho-
logical characteristics are considered typical of hydrothermal
zircon, although it is not diagnostic (Schaltegger 2007).
According to the typologic classification of zircon by Pupin
(1980), the dipyramidal zircon from the Baerzhe pluton is
identical to the morphology of zircon crystallized from alka-
line granitic and syenitic magma under low temperature (500
to 550 °C) in the late-magmatic stage during the transition
from a magmatic to hydrothermal system.
Abundant miarolitic cavities, pegmatitic segregations, and
unidirectional solidification textures commonly occur in the
mineralized unit of the Baerzhe pluton (Niu et al. 2008; Yang
et al. 2009; Sun et al. 2013), consistent with formation during
the magmatic–hydrothermal transition stage (Audetat and
Pettke 2003). Deuteric alteration of arfvedsonite to aegirine
and magmatic to metamict zircon is very common in rocks
from the mineralized unit of the Baerzhe pluton. Both
metamict and hydrothermal zircon from the mineralized unit
are similar behavior to those from mantle-derived alkaline
granites elsewhere (Pupin 1980). Previous studies indicate
that the homogenization temperatures of melt trapped in phe-
nocryst quartz of the Baerzhe pluton ranged from 750 to
1,030 °C (average of 916±67ºC) and temperatures of melt-
fluid inclusions in pegmatite quartz ranged from 475 to
650 °C (average of 562±39ºC) (Yang et al. 2011). These
temperature ranges are comparable with previously reported
crystallization temperatures of zircon from mantle-derived
alkaline granites (Pupin 1980). We thus consider that the
temperatures obtained from melt inclusions in quartz of the
Baerzhe pluton also represent the crystallization temperatures
of magmatic and hydrothermal. The crystallization of hydro-
thermal zircon may have occurred in the low-temperature
aqueous hydrothermal stage during the differentiation of al-
kaline granitic magmas (e.g., Pettke et al. 2005).
Raman spectroscopy is a very powerful tool in the analysis
and study of structural variations related to medium- and
short-range order (Zhang and Salje 2003). Metamict zircon
from the Baerzhe pluton shows a decrease in Raman intensity,
an increase of FWHM, and a decrease in phonon frequencies
of v3(SiO4), indicating the effects ofα-decay radiation damage
on structure (e.g., Zhang et al. 2000; Horie et al. 2006). In
contrast, magmatic and hydrothermal zircon show very strong
Raman intensity and small wavenumber shifts, indicating that
their structures are not damaged and they are well crystallized
(Fig. 5). The features of the Raman spectroscopy for the three
Fig. 5 Raman spectral profiles in the wavenumber range of 100–
1,000 cm−1 for the three types of zircon from the Baerzhe pluton.
Compared to magmatic and hydrothermal zircon, metamict zircon has
lower intensity and larger full-width at half-maximum (FWHM) for the
corresponding Raman bands
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types of zircon from the Baerzhe pluton indicate that some
magmatic zircon grains were likely altered and dissolved to
form metamict zircon in the stage of magmatic to hydrother-
mal transition, whereas the hydrothermal zircon probably may
have recrystallized from a deuteric Zr-saturated hydrothermal
fluid system.
Distinct REE compositions of magmatic and hydrothermal
zircon
In an ideal stoichiometric formula, zircon generally has
∼67.2 wt% ZrO2 and ∼32.8 wt% SiO2. Hydrothermal zircon
from the Baerzhe pluton, however, has 62.4 wt% ZrO2 and
32.6 wt% SiO2 on the average (Table 1, Fig. 7), indicating a
significant loss of Zr. Moreover, the hydrothermal zircon has
non-formula elements U, Hf, Nb, Ta, Ti, and LREE concen-
trations higher than those of the magmatic zircon (Fig. 8),
consistent with larger-radii LREE incompatible in the mag-
matic zircon structure (Hanchar and Westrenen 2007) and
compatible in magmatic fluids (Bakker and Elburg 2006).
The non-formula elements, especially LREE and Ti, could
either occur as inclusions or substitute into the lattice of the
hydrothermal zircon (Thomas et al. 2003; Geisler et al. 2007).
Zircon with high LREE has only been reported for U-rich
zircon from the Gabel Hamradom granite (Geisler et al. 2003),
discordant zircon from the Bidoudouma stream (Horie et al.
2006), and altered zircon from evolved granite plutons in
Melville Peninsula in northern Canada (Erdmann et al. 2013).
The high LREE concentrations of this type of zircon were not
attributed to the theoretical partition coefficients of LREE be-
tween zircon and melt (Thomas et al. 2002; Hanchar and
Westrenen 2007), instead they are considered to be the result
of LREE-rich inclusions in zircon or dramatically different be-
havior of LREE in highly evolved magmatic systems (Bakker
and Elburg 2006). Generally, zircon from highly evolved granitic
rocks is commonly porous and may contain U, Th, Nb, and Ta-
rich inclusions when the host rocks experienced mineralization
or alteration (Thomas et al. 2003; Tomaschek et al. 2003; Geisler
et al. 2007; Martin et al. 2008; Hay and Dempster 2009; Van
Lichtervelde et al. 2009). However, the time-resolved LA-
ICPMS spectra and element distribution maps (Electronic
Supplementary Material Fig. 1 and 2) show that inclusions
cannot be observed in the hydrothermal zircon grains from the
Baerzhe pluton. The high concentrations of LREE and Ti in the
hydrothermal zircon grains may be likely due to the existence of
sub-micrometer-scale or even nano-scale inclusions in zircon
grains (c.f. Geisler et al. 2007). However, we are not able to test
this possibility using current analytical techniques.
Non-CHARAC behavior
An alternative explanation for the high concentrations of
LREE and Ti in hydrothermal zircon from the Baerzhe pluton
could be non-charge-and-radius-controlled (CHARAC)
Table 4 The parameters of the Raman bands of representative magmatic, metamict, and hydrothermal zircon from Baerzhe pluton
Spot no Eg (tetrahedron rotation) A1g (symmetric bending, υ2) B1g (antisymmetric stretching, υ3)
υ (cm−1) FWHM (cm−1) I (counts) υ (cm−1) FWHM (cm−1) I (counts) υ (cm−1) FWHM (cm−1) I (counts)
Magmatic zircon
B2-8@1 355.3 8.9 6,030 438.6 9.2 7,852 1,006.1 8.2 17,296
B2-8@2 354.6 9.0 5,350 438.5 9.2 6,945 1,006.3 6.8 15,455
B2-8@3 355.1 8.9 5,353 438.2 9.3 6,486 1,006.8 6.9 13,678
B2-8@4 355.4 8.5 8,250 438.5 9.6 9,772 1,006.2 7.7 20,788
Metamict zircon
B1-10MZ@1 353.2 12.5 6,820 438.8 12.5 6,471 1,004.6 9.3 10,608
B1-10MZ@2 353.1 12.5 6,950 439.9 12.0 6,787 1,003.7 9.6 9,345
B1-10MZ@3 354.6 13.9 6,655 440.1 15.4 6,341 1,003.8 10.9 9,835
B1-10MZ@4 353.2 10.8 7,761 439.4 13.2 7,612 1,003.6 9.9 11,328
B1-10MZ@5 353.9 13.6 7,681 438.2 11.9 7,588 1,005.1 11.7 10,300
B1-10MZ@6 353.2 14.1 6,999 438.5 12.4 7,040 1,004.8 8.6 9,697
Hydrothermal zircon
B1-10HZ@1 354.6 10.7 6,996 437.9 12.3 7,015 1,006.4 9.0 22,312
B1-10HZ@2 354.5 10.5 8,895 438.9 12.0 8,946 1,005.2 8.7 28,258
B1-10HZ@3 354.6 10.9 9,434 438.7 12.7 9,422 1,005.1 8.1 29,836
B1-10HZ@4 354.9 8.1 8,627 438.7 12.4 8,116 1,006.2 7.9 30,027
B1-10HZ@5 355.5 9.6 9,740 438.6 11.6 8,617 1,007.1 6.7 34,398
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behavior (after Bau 1996) of these elements in highly evolved
magmatic systems. The CHARAC behavior refers to elements
with similar charge and radius which display coherent behav-
ior and have constant chondritic ratios and smooth chondrite-
normalized REE patterns against ionic radius and atomic
number (Bau 1996). Non-CHARAC behavior commonly oc-
curs in highly evolved magmatic systems that are rich in H2O,
CO2, and volatile elements such as Li, B, F, and/or Cl during
the transition from silicate melt to aqueous fluid, or from
magmatic to hydrothermal systems (Veksler 2004). The non-
CHARAC behavior is often accompanied by the lanthanide
tetrad effect resulting in curved, segmented REE patterns of
both whole-rock and minerals. Both of these features are
commonly seen in the zircon from highly differentiated gra-
nitic magmas that experienced intensive hydrothermal inter-
actions or deuteric alteration (Masuda and Ikeuchi 1979;
Akagi et al. 1993; Bau 1996, 1999; Irber 1999; Veksler et al.
2005), such as highly evolved leucogranite, pegmatite, and
rare metal mineralized granite (Monecke et al. 2002;
Takahashi et al. 2002; Badanina et al. 2006; Van Lichtervelde
et al. 2009; Wang et al. 2009).
The REE tetrad effect has been documented not only in the
bulk compositions of whole rock samples but also in the main
rock-forming minerals from the mineralized unit of the
Baerzhe pluton (Wang and Zhao 1997; Jahn et al. 2001;
Zhao et al. 2002). The lanthanide tetrad effect is generally
attributed to the interaction between granitic melt and F, Cl-
rich fluid (Monecke et al. 2002; Takahashi et al. 2002;
Badanina et al. 2006). All three types of zircon from the
Baerzhe pluton show similar M-type tetrad effects in their
chondrite-normalized REE patterns. The magmatic zircon
has significantly elevated first tetrad values (TE1) due to very
positive Ce anomalies that were probably induced by the high
oxygen fugacity of early stage alkaline magma (Ballard et al.
Fig. 6 Chondrite-normalized REE patterns for magmatic (a), metamict
(b), and hydrothermal zircon (c), and chondrite-normalized trace element
patterns of three types of zircon (d) and host barren and mineralized
granites (data from Yang et al. 2009) from the Baerzhe pluton. Chondrite
values are from Sun and McDonough (1989)
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2002; Trail et al. 2012), whereas the hydrothermal and
metamict zircons show a greater degree of third tetrad patterns
(TE3) than magmatic zircon (Fig. 9). Given that the high
degree of lanthanide tetrad effects is usually reported in highly
evolved granites (Bau 1996), the mineralized subsolvus gran-
ite of the Baerzhe pluton, from which the hydrothermal zircon
crystallized may be highly evolved in the late magmatic–
hydrothermal system.
Remobilization of Zr, REE, and Nb during a transitional stage
from magmatic to hydrothermal system
Zirconium is usually mobile in highly evolved granitic rocks
such as tourmalinized granite, peralkaline granite,
peraluminous granite (Alderton et al. 1980; Rubin et al.
1993; Salvi and Williams-Jones 2006; Kebede et al. 2007),
and alkaline fluids and melts (Aja et al. 1997; Gieré 1990;
Ayers et al. 2012). Rocks from the mineralized unit of the
Baerzhe pluton have Zr ranging from 1,128 to 20,965 ppm
(Jahn et al. 2001) and host giant ZrO2 reserves (Wang and
Zhao 1997), indicating that Zr as well as other ore-forming
elements such as REE, Nb, and Ta were concentrated in the
late-magmatic system. Likewise, previous studies indicate
that Zr tends to be mobile in hydrothermal systems that are
rich in alkalies, F, silica, and aqueous fluids (Rubin et al. 1993;
Aja et al. 1995, 1997; Ayers et al. 2012). A good example is
the fluorspar replacement deposit in the Christmas Mountains
in Texas, USA, which occurs at the contact between limestone
and rhyolite and contains as much as 38,000 ppm Zr (Rubin
et al. 1993). Hydrothermal experiments also indicate that Zr
can be extremely concentrated up to 3.9 wt% in peralkaline
systems, with an ASI (Al/(Na + K); by mole) value of 0.5
(Watson and Harrison 1983). As zircon solubility increases
with increasing aqueous silica and hydroxyl concentrations of
the fluid (Ayers et al. 2012), Zr complexes with silica and
hydroxyl could enhance the solubility of Zr in silica-rich,
alkaline fluids and cause remobilization of zircon. Similarly,
other incompatible elements, including REE, Y, Nb, Hf, Pb,
Th, U, and Be, can also be highly mobile in hydrothermal
systems, especially in alkalic and F-rich hydrothermal systems
(Rubin et al. 1993).
It is generally accepted that the crystal structure of U- and
Th-rich zircon in a volatile-rich hydrothermal system is easily
damaged by self-irradiation due to the radioactive decay
of U and Th (Geisler et al. 2007), resulting in disor-
dered (or amorphous) and metamict zircon and the
breakdown and dissolution of magmatic zircon. When
Zr is saturated in a volatile-rich system, hydrothermal
overgrowths around the magmatic zircon or newly crystal-
lized hydrothermal zircon could have formed from the aque-
ous fluid phase (Rubin et al. 1989; Hoskin 2005; Erdmann
et al. 2013). Such remobilization–recrystallization processes
of natural zircon in hydrothermal systems are often associated
with the resetting of both trace elements and isotope systems
(Geisler et al. 2007; Martin et al. 2008), and it explains why
metamict and hydrothermal zircon from the mineralized unit
Table 5 Summary characteristics for magmatic, metamict, and hydrothermal zircon crystals from the Baerzhe alkaline pluton
Zircon Magmatic zircon Metamict zircon Hydrothermal zircon
Morphologic features Prisms (composed of {101}
and {100})
Prisms (composed of {101} and {100}) Bipyramidal (composed of {111})
T (-P) conditions High temperature (>650 °C) High to low temperature Low temperature (<500 °C)
Crystallization medium Magmatic melt Crystallized in magmatic melt and altered
by deuteric hydrothermal fluid
Magmatic–hydrothermal transition
Crystallinity Well crystallized Amorphous Well crystallized
Host rock Fine-grained barren granite Coarse-grained mineralized granite Coarse-grained mineralized granite
Textural features Small sized (<0.03×0.1 mm) Small sized (<0.03×0.1 mm) Large sized (>0.1×0.1 mm)
Oscillatory zoned Mostly murky Murky and featureless
Inclusion-rich Inclusion-rich Inclusion-poor
Geochemical features Depleted in LREE Relatively enriched in P and REE,
especially U, Th, and HREE
Enriched in LREE, Nb, Ta, Ti,
Hf, Th, and U
Low LREE/HREE ratios (<0.07)
and high Th/U ratios (mostly >0.4)
Low LREE/HREE ratios (<0.02) and
high Th/U ratios (mostly >0.3)
High LREE/HREE ratios (>0.1) and
low Th/U ratios (mostly <0.3)
Significant positive Ce-anomaly
and negative Eu-anomaly
Weak positive Ce-anomaly, strong
negative Eu-anomaly and notable
M-type REE tetrad effect
Weak positive Ce-anomaly, strong
negative Eu-anomaly and notable
M-type REE tetrad effect
Geothermometer available Maybe suitable for Ti-in zircon
geothermometer
Not suitable for Ti-in zircon
geothermometer
Magmatic δ18O values Magmatic δ18O values Hydrothermal δ18O values
Low common Pb percentage Varying degrees of radiogenic Pb losing High common Pb percentage
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of the Baerzhe pluton has much higher REE, Nb, and Ti than
magmatic zircon. In addition, hydrothermal zircon has com-
mon 206Pb percentages ranging from 2.03 to 81.6 %,
significantly higher than magmatic zircon, which was like-
ly the result of high concentrations of Pb in the hydro-
thermal fluid. The hydrothermal zircon has 206Pb/238U
ages consistent with magmatic zircon (123.8±1.1 Ma,
Fig. 10a). However, the hydrothermal zircon has δ18O
values ranging from −18.1 to −13.2‰, significantly lower
than the magmatic zircon (+2.8 to +5.1‰) (Fig. 10b).
The low δ18O values of the hydrothermal zircon are
considered to be the result of incorporation of extremely
18O-depleted meteoric water (i.e., continental glacial
meltwater) in the hydrothermal system (Yang et al.
2013). Therefore, both trace element and isotopic com-
positions were dramatically reset during the remobiliza-
tion–recrystallization processes of zircon, resulting in
the enrichment of REE and Nb in the hydrothermal
zircon (Fig. 11).
Implications for Zr–REE–Nb mineralization in alkaline
and F-rich granitic system
Enrichment of Zr, REE, and Nb in the mineralized unit of the
Baerzhe pluton indicates that a transitional stage from a mag-
matic to hydrothermal system in highly evolved alkaline
granitic magmas is critical to the Zr–REE–Nb mineralization.
The transitional stage is characterized by the coexistence of
melt, crystal, and fluid phases (Burnham 1979). Fractionated
alkaline granitic magma may have evolved into the magmat-
ic–hydrothermal transition stage so that incompatible ele-
ments such as Zr, REE, Nb, and Y could concentrate in the
alkaline and fluid-rich residual melt from which subsolvus
granite formed. Exsolved magmatic fluids and bubbles that
Fig. 7 Variation diagrams of major and minor element contents for
zircons from the Baerzhe pluton. a ZrO2 wt% vs. SiO2 wt% diagram. b
HfO2 wt% vs. SiO2 wt% diagram. c Zr/Hf vs. SiO2 wt% diagram,
“CHARAC” (charge-radius-control) range (26<Zr/Hf<46) proposed by
Bau (1996) to discriminate crystal-melt versus fluid-phase partitioning. d
HfO2/Y2O3 vs. ZrO2/Y2O3 diagram
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Fig. 8 Variation diagrams of
trace element abundances for
magmatic, metamict, and
hydrothermal zircons from the
Baerzhe pluton. aY (in parts per
million) vs. total REE contents
diagram. bNb (in parts per
million) vs. Ta (in parts per
million) diagram. cNb+Ta (in
parts per million) vs. P+Y+REE
(in parts per million)
concentration diagram. dHf
(in parts per million) vs. Ti
(in parts per million) diagram. e
LREE/HREE vs. Th/U diagram.
fHf (in parts per million)
concentration vs. Th/U diagram.
gCe/Ce* vs. (Sm/La)N diagram.
h (Sm/La)N vs. La (in parts per
million) diagram. Reference areas
for hydrothermal and magmatic
zircon from the Boggy Plain
Zoned Pluton (BPZP) are taken
from Hoskin (2005). Note that
(Sm/La)N=SmN/LaN, Ce/Ce
*=
CeN/((LaN×PrN)
1/2)), Nmeans
the values normalized to
chondrite values (Sun and
McDonough 1989)
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are enriched in Zr, REE, Nb, Y, Th, U, and F could rise and
accumulate to form a segregated fluid phase at the top of the
magma chamber (Fig. 12), which is consistent with the for-
mation of pegmatite segregations at the top of the Baerzhe
pluton. Surface water may mix with the magmatic fluid
through hydro-fracture systems during rift tectonism
(e.g., Burnham 1979). The magmatic exsolved (or mixed)
fluid is an important metasomatic agent for further enrichment
of Zr–REE–Nb to form giant deposits, such as the Baerzhe
pluton.
Subsolvus granite that formed from alkaline and F-rich
granitic magmas in the transitional stage is the main host of
Zr–REE–Nb mineralization (e.g., Kovalenko et al. 1995;
Schmitt et al. 2002; Salvi and Williams-Jones 2006). For
example, the hypersolvus granite of the Strange Lake pluton
contains ca. 3,000 ppm Zr on average, and ca. 500 ppm REE
and Y, whereas the subsolvus granite has 3.25 wt% ZrO2,
0.66 wt% Y2O3, and 1.30 wt% REE oxides (Salvi and
Williams-Jones 2006), indicating enrichment of Zr, REE,
and Y during magmatic fractionation. Similar cases are also
reported in peralkaline granites from the Amis complex in
Namibia (Schmitt et al. 2002) and from the Khadlzan-
Buregtey in Mongolia (Kovalenko et al. 1995). In the
Baerzhe pluton, the contents of ZrO2 increase from
<0.5 wt% in the hypersolvus granite to 3 wt% in the subsolvus
granite, and Nb2O5 from <0.02 to 0.28 wt% and Ce2O3 from
<0.1 to 0.4 wt% (Fig. 12), indicating that Zr, REE, and Nb are
mainly concentrated in the late-stage magma that was rich in
H2O, alkalis, and F.
Hydrothermal alteration of magmatic fluid plays an essen-
tial role in further enrichment of Zr, REE, and Nb in the
Baerzhe pluton. Alteration is very common in many HFSE-
mineralized peralkaline plutons, HFSE mineralization is usu-
ally considered to be related to Ca-metasomatism or Na-
metasomatism. For example, the giant Strange Lake Zr–Y–
REE deposit is considered to have formed by Ca-
metasomatism due to hydrothermal alteration of F-bearing
and Ca-rich fluids (Salvi and Williams-Jones 1996, 2006).
The Zr–Nb–Ta–REE mineralization in the Khaldzan-
Buregtey in Mongolia, HFSE enrichment in the Tamazeght
complex inMorocco, and Yenrichment in the Kipawa syenite
Fig. 9 Plot of TE1 vs. TE3 showing the tetrad effect of the hydrothermal
and magmatic zircon from the Baerzhe pluton. The degree of the lantha-
nide tetrad effect TE1=(CeN/(LaN
2/3×NdN
1/3)×PrN/(LaN
1/3×NdN
2/3))1/2,
TE3=(TbN/(GdN
2/3×HoN
1/3)×DyN/(GdN
1/3×HoN
2/3))1/2 denotes the first
and third tetrad (Irber 1999). The values are unity for no tetrad effect,
greater than 1.1 for convex-upward patterns (M-shape) and less than 0.9
for concave-upward patterns (W-shape) (Irber 1999; Badanina et al.
2006). Hydrothermal and magmatic zircon data from the Boggy Plain
Zoned Pluton (BPZP) are taken from Hoskin (2005)
Fig. 10 U–Pb ages (a) and oxygen isotopic compositions (b) of the
magmatic and hydrothermal zircon. Both magmatic and hydrothermal
zircon yield 206Pb/238U ages around 123.8±1.1 Ma (2σ), whereas the
hydrothermal zircon has significantly higher common 206Pb ranging from
2.03 to 81.6 %. Oxygen isotopic compositions of the magmatic and
hydrothermal zircon are dramatically different, with δ18O values of mag-
matic zircon ranging from +2.8 to +5.1‰ and δ18O values of hydrother-
mal zircon ranging from −18.1 to −13.2‰ (excluding three spots of
mixed signature). The data sources are from Yang et al. (2013). The size
of the symbols of oxygen isotopes is larger than the analytical
uncertainties
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complex in western Quebec are also considered to be related
to intensive Ca-metasomatism (Kovalenko et al. 1995; Currie
and van Breemen 1996; Kempe et al. 1999; Salvi et al. 2000).
In contrast, Nb–U mineralization of peralkaline granites in
Nigeria and the Thor Lake Zr–Nb–REE rare metal deposit in
Canada are all proposed to be associated with intensive Na-
metasomatism (Kinnaird 1985; Sheard et al. 2012). The
magmatic fluids rich in alkalis and F are supposed to be
important metasomatic agent for the enrichment of Zr, REE,
Nb, Y, U, and Ta (e.g., Kovalenko et al. 1995; Salvi and
Williams-Jones 2006; Sheard et al. 2012). Therefore, in highly
evolved alkaline granitic magmas, it is hydrothermal fluid that
could enhance the remobilization and recrystallization of zir-
con and enrichment of Zr, REE, and Nb in the subsolvus
Fig. 11 A sketched illustration showing the formation of different types
of zircon and the remobilization and recrystallization of zircon. aPrimary
magmatic zircon crystallized from a high temperature initial magma. b
Metamict zircon remobilization by alteration and dissolution during the
magmatic–hydrothermal transition. cHydrothermal zircon recrystallized
from the Zr-saturated hydrothermal fluidswith high incompatible element
levels (REE, Nb, Ta, Ti, U, Th, and F)
Fig. 12 A genetic model showing the enrichment and mineralization of
Zr, Nb, and Ce (REE) in the transition stage from a magmatic to hydro-
thermal system during the formation of the Baerzhe pluton. The data for
the ZrO2, Nb2O5, and Ce2O3 variations from the lower to upper part of the
Baerzhe pluton are from Yuan et al. (1980)
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granite during the transitional stage from magmatic to hydro-
thermal system.
Conclusion
Magmatic, metamict, and hydrothermal zircons from the
Baerzhe alkaline granite pluton have different behavior and
trace element concentrations. Magmatic zircon that is hosted
in hypersolvus granite crystallized early from granitic magma,
whereas metamict zircon in subsolvus granite was magmatic
in origin but experienced intensive metamictization.
Hydrothermal zircon crystallized later during a transitional
stage frommagmatic to hydrothermal system. The enrichment
of volatiles as well as Ti, Nb, Ta, U, and LREE in hydrother-
mal zircon is attributed to either non-formula element substi-
tution by non-CHARAC behavior or incorporation of sub-
micrometer scale inclusions resulting in the mineralization of
Zr, REE, and Nb in the Baerzhe pluton.
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